The Rickettsia genus is a group of obligate intracellular parasitic a-proteobacteria that includes human pathogens responsible for the typhus disease and various types of spotted fevers. rOmpA and rOmpB are two members of the ''surface cell antigen'' (Sca) autotransporter (AT) protein family that may play key roles in the adhesion of the Rickettsia cells to the host tissue. These molecules are likely determinants for the pathogenicity of the Rickettsia and represent good candidates for vaccine development. We identified the 17 members of this family of outer-membrane proteins in nine fully sequenced Rickettsia genomes. The typical architecture of the Sca proteins is composed of an N-terminal signal peptide and a C-terminal AT domain that promote the export of the central passenger domain to the outside of the bacteria. A characteristic of this family is the frequent degradation of the genes, which results in different subsets of the sca genes being expressed among Rickettsia species. Here, we present a detailed analysis of their phylogenetic relationships and evolution. We provide strong evidence that rOmpA and rOmpB as well as three other members of the Sca protein family-Sca1, Sca2, and Sca4-have evolved under positive selection. The exclusive distribution of the predicted positively selected sites within the passenger domains of these proteins argues that these regions are involved in the interaction with the host and may be locked in ''arms race'' coevolutionary conflicts.
Introduction
The Rickettsia are obligate intracellular parasites belonging to the a-protobacteria. They are associated with arthropods (i.e., flea, tick, mite, and lice) and often pathogenic for humans. Members of the Rickettsia genus include the etiologic agents of epidemic and murine typhus (Rickettsia prowazekii and Rickettsia typhi), as well as the etiologic agents of the Rocky Mountain spotted fever (Rickettsia rickettsii) and the Mediterranean spotted fever (Rickettsia conorii), two tick-borne diseases. Due to their medical importance, this group of bacteria has justified considerable sequencing efforts over the last 7 years. To date, the genome sequences of three Rickettsia species have been published (R. conorii [Ogata et al. 2001] , R. prowazekii [Andersson et al. 1998 ], and R. typhi [McLeod et al. 2004] ) and at least six other sequencing projects are under way for Rickettsia belli, Rickettsia africae, Rickettsia sibirica, R. rickettsii, Rickettsia akari, and Rickettsia felis. This abundance of data, coupled to a well-preserved colinearity of the genes, make them a very good model to study bacterial evolution.
Rickettsia cells are surrounded by a crystalline proteic layer (Palmer, Martin, and Mallavia 1974) , also referred to as S-layer, which represents 10% to 15% of their total protein mass (Ching et al. 1996) and is composed of immunodominant surface protein antigens (SPA) (Dasch 1981; Ching et al. 1990; Ching, Carl, and Dasch 1992) . Two SPAs, i.e., rOmpA Vishwanath, McDonald, and Watkins 1990) and rOmpB (Gilmore, Joste, and McDonald 1989; , have been identified in several Rickettsia species and are the major antigenic determinants eliciting an immune response in patients infected by rickettsioses (Teysseire and Raoult 1992) . rOmpA and rOmpB are two large proteins (about 2,000 and 1,600 aa, respectively) that share no significant sequence similarity except that they exhibit a highly conserved ;300-aa C-termini. This region, the autotransporter (AT) domain, folds into a b-barrel structure and inserts into the outer membrane. This structure forms a pore through which the central passenger domain of the proprotein is transported across the membrane (Desvaux, Parham, and Henderson 2004) . Experimental studies have demonstrated that following export, the rOmpB proprotein is proteolytically cleaved to release the passenger peptide at the cell surface (Ching et al. 1990; Ching, Carl, and Dasch 1992; Hackstadt et al. 1992 ). In addition, rOmpA and rOmpB possess an N-terminal signal peptide allowing their passage through the inner membrane presumably by means of the Sec secretion system .
Members of the AT protein superfamily are found in a-, b-, c-, and e-proteobacteria as well as in Chlamydia species (Henderson and Nataro 2001) . They all share a homologous C-terminal AT domain. In contrast, the passenger domains are not all homologous and encode for a wide variety of virulence factors that can catalyze proteolysis, serve as adhesins, mediate actin-promoted bacterial motility, or act as cytotoxins to animal cells (Henderson and Nataro 2001) . Experimental studies have suggested that rOmpA and rOmpB function as adhesin in Rickettsia (Li and Walker 1998; Uchiyama 2003) .
Analyses of the genome sequences of R. conorii (Ogata et al. 2001 ) and R. prowazekii (Andersson et al. 1998) have revealed the existence of three additional genes encoding a highly conserved C-terminal AT domain. These genes are annotated as ''surface cell antigen'' (sca) genes (i.e., sca1, 2, 3), together with rOmpA (sca0) and rOmpB (sca5). In addition, ''GeneD'' (Sekeyova, Roux, and Raoult 2001) has been renamed sca4 (Andersson et al. 1998) , though the protein product lacks the AT domain. So far, only rOmpA and rOmpB proteins have been detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis or western blotting in R. conorii (Teysseire and Raoult 1992) as well as Sca4 in R. japonica (Uchiyama, Zhao, and Uchida 1996) .
Given the seemingly prominent role of rOmpA and rOmpB proteins in the virulence of rickettsiae, we further characterized the Sca protein family by using the data from six publicly available Rickettsia genomes as well as the complete genome sequences of R. belli, R. felis, and R. africae that have been recently determined in our laboratory. We constructed an updated catalog of 17 subfamilies of sca genes found in nine Rickettsia spp. and analyzed their phylogenetic relationships. In addition, we have investigated the selective pressure acting on the Sca proteins. Our results suggest that the passenger domains of rOmpA, rOmpB, Sca1, and Sca2 as well as the Sca4 protein have evolved under positive selection.
Methods

Data
The genome sequences of R. conorii (NC_003103), R. typhi (NC_006142), R. sibirica (NZ_AABW00000000), R. rickettsii (NZ_AADJ00000000), R. felis (CP000053, CP000054) R. akari (NZ_AAFE00000000), and R. prowazekii (NC_000963) were downloaded from GenBank. For these species, the complete set of proteins was constructed using the GenBank annotations. We used the complete genome sequences of R. belli and R. africae that have been recently determined in our laboratory and will be published elsewhere. Every open reading frames (ORFs) of more than 100 nonstop codons were collected from the six possible reading frames and virtually translated into proteins. For these organisms, the ORF nucleotide sequences of the sca genes were released in GenBank. Locus names and GenBank accession numbers of all analyzed sequences are available as Supplementary Material online. For the study of selective constraints acting on sca genes, only the second halves of the gene sequences were available in most organisms for rOmpA and sca1. In consequence, subsequent analyses were restricted to these regions of proteins, which contain part of the passenger domain and the complete AT domain.
Sequence analysis
ORF products with sequence similarity with the Sca proteins previously identified in R. conorii and R. prowazekii (i.e., rOmpA, rOmpB, Sca1, Sca2, Sca3, and Sca4) were searched in the nine complete rickettsial proteomes using the BlastP program (E value , 1 3 10 ÿ10 ; Altschul et al. 1997) . The AT domains were searched in the Sca protein sequences and the GenBank protein database with the program HMMSEARCH from the HMMER package (R. S. Eddy, unpublished data, http://hmmer.wustl.edu/), using the Pfam AT domain HMM profile (PF03797.6) as query. Hits were considered significant when they matched the Pfam profile with E values 10 ÿ5 . Orthologous relationships between sca ORFs were determined by the reciprocal best BlastP match criterion. Except for R. bellii, the Rickettsia genomes exhibit a nearly perfect colinearity and few genomic rearrangements (Ogata et al. 2001) . Hence, we confirmed the orthologous relationships by verifying that the genes surrounding each orthologous sca genes were in collinear order. Repeated peptide motifs were identified using the dotter program (Sonnhammer and Durbin 1995) . Predictions of N-terminal signal peptides were done using the TMHMM web tool at http:// www.cbs.dtu.dk/services/TMHMM/ (Krogh et al. 2001) . The significance of sequence similarity between paralogous passenger domains was assessed using the program PRDF from the FASTA2 package (Pearson 1990 ) with default parameters. The threshold of significance was set to P value (opt delta) , 0.01.
Phylogenetic analysis
Protein and nucleotide alignments were carried out using the programs MUSCLE (Edgar 2004) and ClustalW (Higgins and Sharp 1988) , respectively, and corrected manually. We constructed the phylogenetic trees of the sca5 nucleotide sequences and AT domains ( fig. 2 ) using the Neighbor-Joining (NJ) method implemented in the MEGA software (Kumar, Tamura, and Nei 1994) . Phylogenetic distances were calculated using the Tamura-Nei method (Tamura and Nei 1993) for nucleotide sequences and a gamma correction (alpha 5 3.34) for the AT domains. The shape parameter alpha for the gamma correction was determined by maximum likelihood using the CODEML program from the PAML package (Yang 1997) . For all tree constructions, bootstrap supports for branches were assessed using 100 pseudoreplicates.
Analysis of selective constraints
For sca1, sca2, sca4, rOmpA, and rOmpB, NJ phylogenetic trees were generated from the nucleotide alignments using the Tamura-Nei distance (trees are provided as supplementary data, Supplementary Material online). To test for positive selection, we fitted four codon-based models of nucleotide substitutions to the data using the maximum likelihood method implemented in the CODEML program (Yang 1997) . We then compared the models that do not allow for (or do not detect) x . 1 (M0 and M7 see below) with the ones that identify classes of sites with x . 1 (M3 and M8) and determined the models that best describe the data. Each analysis was repeated three times with different initial x values to avoid problems of multiple local optima. We recorded the parameter estimates corresponding to the highest likelihood. The four codonbased models used in this study were selected following recommendations of : Model M0 assumes that all amino acid sites have the same x estimated freely from the data. Model M3 (K 5 3) assumes three classes of sites with x estimated independently from the data . Model M7 assumes eight classes of sites with independent x, which are limited to the interval (0, 1) and distributed according to a b distribution. Model M8 (b and x) adds an extra site class to M7 with a free x ratio estimated from the data, which may be higher than one. Under model M8, the values of the average (and maximal) Thus, the levels of substitutions between sequences are sufficiently low to assure that the effects of the saturation of mutation sites are negligible in the analyses (K , 1). Nested models (i.e., M0 vs. M3 and M7 vs. M8) were compared using the likelihood ratio test: twice the log-likelihood difference between two models (2DlnL) can be compared to a v 2 distribution, with the number of degrees of freedom equal to the difference in the number of free parameters between the two models. To assess the sensitivity of the results to the tree topologies, all branches that were supported by less than 50% bootstrap replicates were collapsed into multifurcations. The results obtained with the collapsed trees were consistent with those obtained with the NJ trees, indicating that the method is fairly robust to approximate tree topologies .
Results
Identification of sca genes in the Rickettsia genomes
Using BlastP searches against the proteomes of nine fully sequenced Rickettsia spp., we identified 145 ORF products with significant sequence similarity (E value , 1 3 10 ÿ10 ) with the six sca genes previously identified in the genomes of R. conorii and R. prowazekii (i.e., rOmpA, rOmpB, sca1, sca2, sca3, and sca4). These Sca Proteins were classified into 17 groups of orthologs (rOmpA, Sca1-Sca4, rOmpB, Sca6-Sca16) on the basis of their levels of sequence similarity and colinearity between genomes ( fig. 1 ). To characterize their functional state, these genes were flagged as complete (flag ''C''), split gene (flag ''S'': the entire protein is encoded by successive ORFs), fragment (flag ''F'': a single ORF encoding a protein of less than 50% of the longest orthologous protein), or absent (flag ''-''). Split genes and gene fragments may be the result of ongoing gene degradation, a common feature in rickettsial genomes that is concomitant with reductive evolution (Andersson et al. 1998; Ogata et al. 2001 ). Thus, these may be incapable of producing functional proteins and could be pseudogenes. None of the nine Rickettsia genomes studied here harbor the 17 intact sca genes ( fig. 1 ). Rickettsia prowazekii is remarkable as it retained only two intact sca genes (sca3 and rOmpB). On the other extreme, the R. felis genome contains the largest complement of sca genes with 10 complete and 3 split sca genes. rOmpB is the only sca gene found complete in all the nine genomes studied.
The AT domain was identified in all complete sca genes except sca4 and sca9. The later gene encodes a protein with significant sequence similarity over its whole length (BlastP E value , 1 3 10 ÿ10 ) with the passenger peptide of Sca3. The sca4 gene is present in all nine Rickettsia genomes ( fig. 1 ), though it is split in two orfs in the R. prowazekii genome sequence deposited in GenBank and so, possibly not functional in this species (NB: this gene has been found complete in independent sequencing of sca4 in R. prowazekii Madrid E; unpublished observation). The Sca4 protein was detected in the cytoplasm of spotted fever group (SFG) Rickettsia (Uchiyama 1997) and recognized by antirickettsial antibodies (Schuenke and Walker 1994) . The longest copy of the sca9 gene (encoding 557 amino acids) was found in R. felis and shorter fragments were identified in the R. conorii and R. sibirica genomes (118 and 132 amino acids, respectively), as well as a split sca9 gene in R. bellii ( fig. 1 ). Thus, sca9 sequences are likely degraded genes in R. conorii, R. sibirica, and R. bellii, and experimental studies are needed to determine whether the R. felis sca9 gene is functional or not. The sca16 ORF identified in R. bellii is also a probable degraded gene because it only encodes a truncated AT domain ( fig. 1 ). The Sca11, Sca12, Sca14, and Sca15 proteins have short passenger domains as compared to the other sca proteins. Although passenger peptides are not always covalently linked to the AT domains as for example in Escherichia coli and Helicobacter pylori (Yen et al. 2002) , the integrity of these proteins can be questioned. The sca15 gene is uniquely found in the R. bellii genome and likely functional because this protein possesses the N-terminal signal peptide needed to be exported across the inner membrane. No signal peptide was predicted in the other three proteins. The passenger domains of rOmpA, Sca1, Sca2, Sca3, Sca6, Sca7, Sca8, Sca10, Sca12, and Sca13 as well as Sca4 and Sca9 contain conserved repeated peptide motifs ( fig. 1 ), which are common in adhesive proteins (Wren 1991; Kehoe 1994) . The number of repeated units is often variable among orthologs (not shown) and is as significant a source of sequence variability as already observed for rOmpA Gilmore 1993; Fournier, Roux, and Raoult 1998) and other adhesive proteins (Gravekamp et al. 1996) . rOmpA, Sca3, Sca7, Sca9, and Sca13 share similar repeated motifs as well as Sca1, Sca2, Sca6, Sca10, and Sca12. The other Sca proteins also present traces of internal sequence duplications, but the weak level of conservation between repeated units make their delineation difficult.
The degree of sequence similarity between the paralogous Sca proteins is contrasted. The AT domain is generally well conserved between paralogs with an average of 31% identical amino acid residues and a maximum of 86% between Sca2 and Sca6. On the other hand, the passenger domain and the signal peptide present a much lower level of sequence conservation. The regions of significant sequence identity were often limited to small segments of the peptides corresponding to the repeated motifs. Nevertheless, paralogous sca proteins can be grouped on the basis of the similarity between their passenger domains, as detected by the PRDF program-group 1: rOmpA, Sca3, Sca7, Sca9, and Sca13; group 2: Sca1, Sca2, Sca6, Sca8, Sca11; Sca12 and Sca14. rOmpB, Sca4, Sca10, Sca16, and Sca15 constitute singleton groups as their passenger domains do not exhibit significant sequence similarity with any paralogous Sca proteins. The average levels of amino acid identity between passenger domains are 18% (max. 45% between Sca3 and Sca7) and 9% (max. 14% between Sca2 and Sca8) for groups 1 and 2, respectively. When the Rickettsia passenger domains are used as query in BlastP searches against public databases, no homologous sequence can be found outside of the Rickettsia genus. This contrasts with the AT domains for which matches can be found in many proteobacteria and Chlamydia (Henderson and Nataro 2001) .
Phylogenetic analysis of the Sca sequences
To illustrate the relationships between the nine sequenced Rickettsia species, we first reconstructed their phylogeny using the entire sca5 nucleotide sequences ( fig. 2A ). All branches of the NJ tree are supported by high bootstrap values (86%) and the topology is in agreement with previous phylogenetic studies of the Rickettsia genus (Stothard, Clark, and Fuerst 1994; Roux et al. 1997; Fournier, Roux, and Raoult 1998; Stenos et al. 1998; Roux and Raoult 2000) . Rickettsia prowazekii and R. typhi are clustered together and form the Typhus Group (TG). The SFG includes all the other species but R. bellii and is divided into two subgroups: the rickettsii group, which comprises R. rickettsii, R. conorii, R. sibirica, and R. africae, and the akari group, which includes R. akari and R. felis. Rickettsia bellii forms a distinct and distant group, which, according to Stothard, Clark, and Fuerst (1994) , diverged before the separation of the genus into the SFG and TG. As shown in superimposition on the phylogeny ( fig. 2A) , the primary hosts differ from species to species (Azad and Beard 1998) . This implies FIG. 1.-The 17 sca gene families identified in nine Rickettsia genomes. The structural domains of the sca proteins are schematized on the left. The yellow diamonds, thick black lines, and the blue ovals represent the predicted peptide signals, passenger domains, and AT domains, respectively. Interruptions in the thick black lines or the blue ovals indicate the occurrence of in-frame stop codons in the coding sequence. Colored boxes show the presence of repeated peptide motifs. Boxes of same color refer to similar peptide motifs. The table on the right summarizes the names, lengths of the peptide products, and the presence or absence of the sca genes in the Rickettsia genomes. The characters ''C,'' ''S,'' ''F,'' and ''-'' indicate whether the gene is complete, split, fragment, or absent, respectively, in a given genome. Genes were defined as split if the entire protein is encoded by successive ORFs and as fragment if the gene size was less than 50% of that of the longest ortholog. Asterisks indicate the genes from which the length and the structural domains of the peptide products are shown. For Sca7 and Sca10, the protein lengths were obtained after concatenating the successive ORFs.
that several Rickettsia lineages have changed their host range during their evolution.
A total of 283 AT proteins were identified from nonRickettsia species using HMM searches against the GenBank database. Preliminary phylogenetic analyses of the ;300-aa AT domains from these proteins and 43 Rickettsia Sca proteins indicated that the Rickettsia AT domains are closer to each other than to any other non-Rickettsia AT domain ( fig. 2b) (A) Phylogenetic relationships of the nine fully sequenced Rickettsia species reconstructed from the analysis of sca5 gene alignment. Phylogenetic distances between the nucleotide sequences were calculated using the Tamura-Nei method. Note that the tree is unrooted. The choice of Rickettsia bellii as out-group species is based on Stothard, Clark, and Fuerst (1994) (B) Phylogenetic tree reconstructed from the alignment of the AT domains. Only ORF products with complete AT domains were analyzed. All non-Rickettsia AT domains were found distantly related to those of Rickettsia, and the AT domain of the Haemiphilus ducrei putative serine protease (HD1280) was arbitrarily chosen to root the tree. Phylogenetic distances were corrected with the gamma correction (shape parameter a 5 3.34). rco, rsi, raf, rri, rfe, rak, rpr, rty, and rbe stand for Rickettsia conorii, Rickettsia sibirica, Rickettsia africae, Rickettsia rickettsii, Rickettsia felis, Rickettsia akari, Rickettsia prowazekii, Rickettsia typhi, and R. bellii, respectively. Similarity analysis of sequences delineated two groups of homologous passenger domains (see text): group 1 sequences are underlined and group 2 sequences are represented on gray background.
the Rickettsia lineage. However, the phylogenetic distributions of sca1, sca5, sca8, sca13, sca14 and the ancestor of sca2 and sca6 imply that these genes arose before the separation of R. bellii from the other Rickettsia spp. (fig. 2B ) that occurred early after the emergence of the Rickettsia genus (Stothard, Clark, and Fuerst 1994) . All orthologous AT domains cluster together in monophyletic groups supported by high bootstrap scores except for the Sca2 and Sca6 AT domains ( fig. 2B ) that form a polyphyletic cluster (see below). We failed to produce a fully resolved phylogeny using either the amino acid or the nucleotide sequence alignment. The branching of the rOmpA, rOmpB, Sca3, Sca12, Sca13, Sca14, and Sca15 subtrees are not supported by high bootstrap scores ( fig. 2B ). This precludes any firm conclusion about the sequential order in which these sca genes have been created. Nevertheless, the AT domain tree presented in figure 2B is in agreement with the grouping of homologous passenger domains as described above, except Sca14 that falls in the passenger domain group 2, whereas its AT domain presents an affinity to the AT domains of the group 1 Sca proteins.
A notable feature of the evolution of the Sca family is the complex phylogenetic relationships exhibited by the AT domain of Sca2 and Sca6 proteins. The distribution of Sca6 sequences among Rickettsia spp. indicates that this gene arose before the divergence of the TG and the SFG ( fig. 1) . Furthermore, TBlastN alignments revealed that sequence remnants of the sca2 gene exist in the syntenic orthologous regions of the R. prowazeki and R. typhi genomes (not shown), indicating that sca2 also arose before the separation of the TG and SFG Rickettsia spp. and was later degraded in the two species. Remarkably, the AT domains of Sca2 and Sca6 in R. akari are phylogenetically closer to each other than to any members of their own sub-family ( fig. 2B ). The two genes have a head to tail organization in R. akari, and the similarity between their AT domains exceeds 95% at the nucleotide level, whereas only very weak amino acid similarity can be detected elsewhere between these genes. The most likely explanation is that a gene conversion event occurred between the two R. akari sca genes that resulted probably in a conversion of the AT domain of Sca6 into a Sca2-like AT domain. Under these circumstances, we cannot exclude that the tandem duplication of sca2 and sca6 from a single ancestral gene may have occurred much earlier than shown on the phylogenetic tree ( fig. 2B ) and that recurrent gene conversions between the sca2 and sca6 genes may have homogenized the AT domain sequences.
Analysis of the selective pressure acting on the Sca proteins AT domains are known to form a b-barrel structure into the outer membrane. The complex folding required to form such a structure is likely to constrain the number and the nature of amino acid changes in the peptide sequences. On the other hand, the Sca passenger peptides are presumably exported to the cell surface and are suspected to be involved in host-parasite interactions. For instance, rOmpA and rOmpB are likely responsible for the adhesion of rickettsiae to their host cells (Li and Walker 1998; Uchiyama 2003) . Positive selection has been shown to promote the divergence of protein regions involved in host-parasite interactions (Schulenburg et al. 2000; Peek et al. 2001; Jiggins, Hurst, and Yang 2002) , but this has not yet been tested for Sca proteins.
Nucleotide substitutions in protein-coding sequences can result either in amino acid change (nonsynonymous substitutions) or not (synonymous substitutions). In Rickettsia, selection on synonymous codons is probably ineffective (Andersson and Sharp 1996) , and so, synonymous codon positions probably accumulate changes neutrally at a rate similar to the mutation rate. Under such circumstances, the ratio of d N to d S , denoted x 5 d N /d S herein, measures the magnitude and direction of selective pressure on a protein, with x 5 1, ,1, and .1 indicating neutral evolution, purifying selection, and positive diversifying selection, respectively (Li 1997) . To examine if the AT and passenger domains evolved under different selection regimes, we estimated the ratio x by a maximum likelihood approach. In addition, we tested if the Sca passenger domains were subjected to adaptive evolution by performing phylogeny-based statistical tests of positive selection . We studied five sca genes-namely, sca1, sca2, sca4, rOmpA, and rOmpB (table 1)-because their nucleotide sequences were determined in many Rickettsia species for phylogenetic purpose and were included in the analyses (Fournier, Roux, and Raoult 1998; Roux and Raoult 2000; Sekeyova, Roux, and Raoult 2001; M. N. Ngwamidiba, in preparation) . The other sca genes were not analyzed here because the number of available sequences was not large enough to allow for powerful statistical testing (Anisimova, Bielawski, and Yang 2001) .
We first divided each nucleotide alignment into passenger and AT domains (except for sca4 that has no AT domain) and estimated the average x 0 by fitting model M0 to the data. The x 0 estimates for the passenger and AT regions are, respectively, x PASSENGER 5 0.58 versus x AT 5 0.44 for rOmpA, x PASSENGER 5 0.41 versus x AT 5 0.23 for rOmpB, x PASSENGER 5 1.20 versus x AT 5 0.35 for Sca1, and x PASSENGER 5 0.77 versus x AT 5 0.39 for Sca2. Thus, for all four Sca proteins, the x ratio estimated for the AT domain is consistently lower than for the passenger domain. As expected, this result indicates that the AT domains have evolved under higher selective constraints than their respective passenger domains. Except for the Sca1 passenger domain, the average x ratios are all smaller than one and therefore averaging x on all sites failed to detect positive selection. However, adaptive selection typically occurs at a few sites as most amino acids in a protein are under structural and functional constraints with x , 1. Thus, calculating x as an average over all amino acid sites is often too conservative to detect positive selection (Yang and Bielawski 2000) .
We therefore analyzed the entire alignments of the five sca genes using models that allow for several x categories of amino acid sites. The likelihood scores obtained under models M0 and M3 (table 1) were compared using the likelihood ratio test. The tests were significant for all families after Bonferroni correction (a 5 0.05; table 2). Thus, model M3, with three x categories of sites, better fits the data than model M0 that accounts for a single x category for all sites. This indicates that the selective pressure varies among the amino acid sites in each protein. In addition, parameter estimates under model M3 suggest the presence of sites under positive selection in each of the five proteins (as indicated by x . 1; table 1). To confirm this observation, likelihood scores were compared between the more realistic continuous b-distribution models M7 and M8. Again, M8 fits the data significantly better than M7 for all five Sca families after Bonferroni correction (a 5 0.05; table 2), and the estimated x ratio for the extra class are all .1 (table 1). These results show that allowing for sites with x . 1 (model M8) significantly improves the fit to the data. Thus, there is clear statistical evidence that divergence of these five Sca proteins was promoted by positive selection.
Positively selected amino acid sites were identified under model M8 using the Bayesian method developed by Nielsen and Yang (1998) . Consistent with our hypothesis that only the passenger domains are involved in host-parasite interactions, the predicted positively selected sites are exclusively located within this region of Sca1, Sca2, rOmpA, and rOmpB ( fig. 3) . The distributions of the predicted positively selected sites between passenger and AT domains are highly nonrandom (P , 3.2 3 10 ÿ4 ; binomial distribution), which further confirms that the two domains have evolved under different selection regimes. Most Rickettsia species are maintained in the host population mainly through transovarial transmission (Azad and Beard 1998) . This type of transmission constitutes a strong bottleneck in the Rickettsia population and promotes the fixation of slightly deleterious mutations by genetic drift, which tends to increases the rate of nonsynonymous substitutions d N . To verify that the expected increase of d N does not mislead likelihood methods into detecting positive selection in Sca proteins, we performed the same likelihood ratio tests for a housekeeping protein that presumably does not evolve under positive selection. We choose the GltA citrate synthase protein because the sequences are available for most species used for the studies of the five sca genes (Roux et al. 1997) . The GltA sequences analyzed here have an overall level of divergence in the range of the sca genes, as measured by the tree length (nucleotide substitutions per codon; table 1). Comparison of model M0 with M3 suggests variation in the x ratio between sites; however, no signal of positive selection was detected (table 1) . Likewise, comparison of model M7 and M8 does not detect positive selection in the GltA sequences. These results suggest that the likelihood ratio tests are reliable for the detection of positive selection, even in organisms that evolve through recurrent bottlenecks.
Discussion
Although only rOmpA, rOmpB, and Sca4 are known to induce immune responses in infected patients (Teysseire and Raoult 1992) , our analysis of the nine Rickettsia genomes reveals that the diversity of sca genes is much greater. With 17 distinct paralogous proteins, the sca genes represent the largest family of associated membrane proteins in this genus. Nevertheless, a remarkable feature of the Sca family is the extreme lability of the genes. Except sca5, none of the genes are found complete in all nine Rickettsia spp. In addition, no intact copy of sca7, sca10, and sca16 is found in any genomes. Rickettsia, and more generally intracellular parasitic bacteria, are known to undergo genome reduction through degradation of genes presumably dispensable in stable environments (Sakharkar, Dhar, and Chow 2004) . If we make the assumption that no lateral gene transfer occurred, the patterns of degradation/conservation of the rOmpA, sca3, sca6, sca8, sca9, sca12, and sca13 genes among Rickettsia imply that they were independently degraded several times in distinct lineages.
There are evidence that rOmpA and rOmpB function as adhesin (Li and Walker 1998; Uchiyama 2003) , but the functions of the sca genes remain unknown. A high level of sequence similarity is generally a good indicator of shared functionality between proteins. However, the major body of the Sca proteins is composed of the passenger domain that exhibits little or no detectable similarity among paralogous proteins. In addition to the AT domain that allows the mature protein to be exported, the Sca proteins share several structural features that may unify them in a common functional category. First, most Sca proteins have internal repeats within the passenger domain, a feature often found in adhesive proteins (Wren 1991; Kehoe 1994) . These repeated motifs are often specific to each Sca protein and may contribute to the specific recognition of different Positively selected sites were identified under model M8 using the Bayesian method developed by Nielsen and Yang (1998) . Positions of positively selected sites with a posterior probability .95% are indicated by vertical lines whose lengths are proportional to the average (X) of the x ratios over the nine classes from model M8. The black and gray curves represent the means X calculated in sliding windows of 100 sites over the passenger and AT domains, respectively. Only the second halves of the rOmpA and Sca1 proteins were analyzed (see Methods).
sets of host receptors. Analyses of the constraints acting on the protein sequences indicate that the selection regimes are similarly distributed along the sequences of Sca1, Sca2, rOmpA, and rOmpB. Remarkably, we found that the Sca passenger peptide may be a hot spot for positive selection. Thus, although the passenger domains of AT proteins in proteobacteria and Chlamydia are not always homologous (i.e., do not share a common ancestor), the lack of similarity between Sca passenger domains is likely due to rapid rates of sequence divergence promoted by positive selection. Intriguingly, we found evidence of positive selection in the sequence of Sca4. This protein lacks a recognizable signal peptide and the AT domain required for autonomous export across the outer membrane. Furthermore, Sca4 has been observed into the cytoplasm by immunoelectron microscopy (Uchiyama 1997 ). These observations argue against an adhesive role for Sca4. This protein is recognized in humoral and cell-mediated immune response (Schuenke and Walker 1994) . Although both antibody and cell responses can develop against internal proteins, the fact that Sca4 presents evidence of positive selection as for the passenger domains of Sca1, Sca2, rOmpA, and rOmpB is compatible with the hypothesis that this protein is transported outside the cell at some point. Clearly, more data are needed to understand the function of sca4.
Coevolution between hosts and parasites is expected to take the form of a ''Red Queen'' scenario. The Red Queen is generally taken to be an ongoing process of reciprocal coadaptation (Lythgoe and Read 1998) , whereby parasite and host meet adaptation with counteradaptation through evasion-recognition cycles. The evidence of positive diversifying selection in the passenger domains of five Sca proteins studied here suggests that the host genes and Rickettsia Sca proteins may be locked in such coevolutionary conflict. The evasion-recognition competition might take different forms in the case of Sca. Adhesive proteins mediate bacterial attachment to host cell receptors and play a central role in bacterial colonization . Hosts can evade parasite infection by changing the structure of the receptor regions where the recognition/ attachment of the Sca adhesin occurs. Under this scenario, positive selection in Sca proteins may result from the selection of the genetic variants that are adapted to the new receptor structure and that are able to restore the interaction. For the presence of a parasite to promote receptor change, the parasite must be both highly prevalent in the host population and exact a severe fitness penalty that manifests itself in the loss of fecundity of the host or survival of the subsequent progeny. Excepted for R. prowazekii that kills its host (louse and human), it is unclear whether any of the Rickettsia species meet these criteria in either the mammalian or arthropod hosts. It is obvious that host specificity has changed during the evolution of some Rickettsia lineages ( fig. 2A) . Such ecological change is likely to involve similar adaptive steps enabling adhesins to interact with new receptor sets. The Sca proteins, as all external structures, may possibly be targets of the recognition of the bacteria by the host defense (Tewari et al. 1993) . Positively selected sites in Sca proteins may be involved in sequence variability and, thus, evolve faster to produce novel structures and avoid recognition (Perez et al. 1998; Peek et al. 2001) . The identification of those sites may thus provide insights for future efforts of vaccine development (McDonald, Anacker, and Garjian 1987; Wizemann, Adamou, and Langermann 1999; Crocquet-Valdes et al. 2001 ). The mechanism of sequence variation observed for Sca proteins is markedly different from that reported for outer-membrane proteins in other tick-borne bacterial pathogens such as Borrelia burgdorferi Zhang and Norris 1998; Stevenson and Miller 2003) , Anaplasma marginale (Barbet et al. 1999; Brayton et al. 2002 Brayton et al. , 2005 Collins et al. 2005) , and Erhlichia ruminantium (Collins et al. 2005) . In these species, gene conversions between expressed functional loci and several variable silent ''pseudogene'' copies generate surface protein variants. This allows the long persistence of the organism into the host by evading the host immune system (Barbet et al. 1999; Brayton et al. 2002) .
The early duplications of the sca genes may reflect adaptation of the Rickettsia ancestor to its hosts. Later degradation of some of these duplicates may be associated to speciation. It may not be surprising that R. prowazekii has only 2 intact sca genes (sca3 and rOmpB), while the other species have from 5 to 10 complete sca genes ( fig. 1) . A notable difference between R. prowazekii and the other Rickettsia is that the primary reservoirs of R. prowazekii are mammals, while the others are intracellular parasites of arthropods and probably infect mammals only incidentally ( fig. 2A) . Moreover, R. prowazekii is the only known Rickettsia able to escape immune control in humans and to cause a late relapse (Brill-Zinsser Disease). Given that the defense system of mammals is more complex than that of arthropods, it is possible that the reduction of the pool of sca genes in R. prowazekii is also an adaptive response to limit its visibility to the host defense as suggested for the spirochete Treponema (Templeton 2004 ). This scenario is conceivable for sca1, sca4, and sca6, which are degraded in R. prowazekii but intact in the R. typhi genome and therefore were probably functional in the ancestor of R. typhi and R. prowazekii.
Conclusion
Although evidence that the Sca proteins function as adhesins is available only for rOmpA and rOmpB (Li and Walker 1998; Uchiyama 2003) , our results suggest that Sca1 and Sca2 are paralogs of rOmpA and rOmpB and have evolved under similar selective regimes. This argues that Sca1 and Sca2, and perhaps all Rickettsia Sca proteins, may be also involved in adhesion processes. The adhesin (Sca)/host receptor interaction could play a key role in the host recognition. The real host ranges of extant rickettsies have not been exhaustively determined but are likely limited to very few organisms. Thus, the loss of sca genes might explain the small host range, and by extrapolation, one may speculate that the Rickettsia ancestor had a larger host range because it was encoding for an extended sca complement. Meanwhile, the Sca proteins are exposed at the cell surface, and so, represent potential targets for the host defense. Hence, the evolution of the sca gene complement has probably been marked by antagonist forces: the need of keeping functional sca genes to enter into host cells, the need to avoid host defenses by loosing sca genes and/or sequence variability, the loss of sca genes as a consequence of host specialization, and the opportunity to colonize new ecological niche (i.e., a new host) by adaptation (duplication and sequence variation).
